An algorithm for creating a truss network with the truss-Z system in a 3D environment with obstacles is demonstrated. This modular truss system is designed for pedestrian traffic and connects any given number of points in space (terminals), allowing "branching" and "looping". The concept of the truss-Z is based on a universal module that is subject to geometrical transformations, allowing the construction of a structural link along virtually any 3D path. The emerging form of the structure has organic aesthetic qualities. The elements of the environment model real obstacles, such as roads, buildings and watercourses, which may constrain both the run of the truss and the placement of the supports. An example of a truss-Z network connecting six terminals in an environment with three solids is shown.
Introduction
The purpose of this project is to develop a construction system for pedestrian walkways that is extremely flexible and inexpensive [2] .
Flexibility: the system can realize a large number of geometrical tasks and one segment of the truss system can link efficiently any two terminals in 3D space. The system also supports branching of segments and (closed) loops.
Inexpensiveness: the system is modular with the run of the truss composed of only two modular elements. The supporting system is based on a single member. Elements are meant to be prefabricated in large numbers and assembled on site (preferably without the necessity for heavy equipment) or can be made on site using templates and locally available materials (for example timber in a forest).
The system obviously must be sound and safe. The same concept can be adjusted in scale and shape for different purposes such as cycle paths or other transportation tasks.
There are many examples of very complicated geometries realized in construction [3] . Almost always, the complexity comes at the expense of modularity with nearly every member being custom-made. On the other hand, there are a variety of construction modular systems, but then high modularity produces rather simple forms with very limited geometries [4, 5] .
The most important aspect of the truss-Z is that it is the first structural system which gives almost limitless geometrical possibilities for creating 3D paths and at the same time is modular. Unlike other modular systems, the unit module is not overly simplified. Within the truss-Z, simple forms are constructed by nontrivial assembly of fairly complex elements, as opposed to the usual modular systems, where a simple form is achieved by assembly of simple units. As already mentioned, the latter approach results in very limited geometrical possibilities within a system. The core of this innovative system is the idea that no shape or direction is preferred, for example following a straight line is merely one of a great many possible paths.
There are also a number of, (mostly theoretical) projects (usually realized at most as scale models), claiming modularity but in a topological sense, where in fact each "module" has a different geometry [6] . Nonetheless, the concept of modularity represented in this paper refers to the geometrical modularity, that is the geometrical identity of the units.
The module
The truss-Z invented by the author as a structural spatial truss system was originally designed for pedestrian traffic and therefore has specific geometrical properties. Practically, people perform any kind of movement on the horizontal surface, while the vertical one is very limited and troublesome for both the user and the designer. This fact is reflected in many building and construction regulations by limiting the slope to approximately 1:10 rise to run ratio (depending on the purpose and the local law) [7] . The vertical angle of the module of the truss-Z system varies from 8.05° at the longer side, to 11.31° at the axis, to 27.80° at the short side. On the other hand, the possibility of tight turns in the horizontal plane is desirable and allows the structure to change direction and meander around obstacles. The horizontal angle of a unit is 30°, so by using only three units a right angle turn can be completed at a relatively very small radius. The dimensions are a compromise between many constraints and requirements and as a result the module supports a number of configurations including a vertical spiral. The slope can be further reduced, but then the ability to create a spiral may be limited.
The conceptual purity of this system is a result of the fact that all the geometrical tasks of the main structure, that is connecting given terminals, are realized by using a single element subject to geometrical transformations: reflection, rotation, translation, (and in a certain sense-scale). Although the system works with uniform modules, the modules can be of any size [8] .
In the virtual world of the computer program, there is only one unit (R) used and transformed, but since in the physical space, objects cannot be subject to symmetry transformation, for a real truss, a reflected (symmetrical) unit has to be produced as well. Further in the text, both "right" and "left" units are considered independently.
The units are named according to the right-hand-rule; the basic module is called "R" (right), since it turns left and goes up. When this unit is rotated along the vertical axis by 150° it becomes an "R2" (rotated right) unit. The mirror refection of the "R" unit by a vertical plane makes the "L" (left) unit and the rotation of the "L" unit is an "L2" (rotated left) unit. All these variations have different "vectors" equivalent to the change of the position in space: "up and left" (R), "up and right" (L), "down and left" (R2) and "down and right" (L2) as shown in Figure 1 . The module is a rigid spatial frame-truss hybrid.
Although the vertical angle of a unit at the centre is 11.31°, it is also possible to construct a truss with lower slopes or completely flat. For example a sequence of units {R, R2, R, R2, R, L} has the vertical angle 3.8° and complies even with wheelchair ramp regulations (ratio between the rise and the length of the run 1:12 = 4.8° of the vertical angle) [9] . Examples of sequences of the units and the resulting structures are shown in Figure 2 . The colouring convention is R-green, R2-cyan, L-red, L2-yellow. The geometrical properties of the module and all its variations: R, R2, L, L2. Examples of sequences of units and the resulting spatial structures.
Creating the path for the truss
For creating the runs of the truss the following assumptions have been made: 1) The truss must connect any given number of terminals (points in space).
2) The segments of the truss must not collide with any objects: obstacles and other segments of the truss.
3) The truss should be optimal so the number of modules used for the structure to be minimum. 4) The network of connections should be as simple as possible by minimizing the number of additional junction units (tangent points). If the number of given points to be connected is greater than two, it is necessary to introduce a junction as shown in Figure 3 . There are two possible such twin-unit configurations: {R,L} and their rotation: {R2,L2}. From such a unit three (node degree = 3) or four (node degree = 4) branches can be constructed. Although number of junction units is to be minimized, there may be conditions requiring the introduction of redundant junction units (Figure 4) .
The minimum number of junction units (n j ) depends on the number of terminals (n t ) and can be expressed as follows: n j = (n t + Mod[n t ,2])/2-1,
The general algorithm
Constructing the truss network connecting a given number of terminals in a constrained 3D environment (obstacles) consists of the following steps: If it is not possible-additional junction unit is introduced and the procedure runs from step 3.
5) Constructing the splines of the guiding paths from the segmented lines so that the minimal curvature is preserved due to the geometric characteristics of the truss-Z modules ( Figure 5 .5).
6) Generating the truss structure along the paths ( Figure 5 .6).
7)
Optimization of the truss network by minimizing the overall number of modules for the structure using a heuristic method such as a genetic algorithm. 
The modules alignment along a path
The run of a truss follows a guide path, which can be given as any parametric function. In this example splines were applied, since they are an intuitive way of modelling transportation paths. In this discrete optimization, one of four possible units (two modules and two rotations) which gives the minimum value of the objective function is chosen. At each step, the list of two values related to the given guide path is calculated for all four possible configurations ( Figure 6 ):
1) The minimum distance (d) between the centroid of the module (C) and the guide path (p).
2) The normalized dot product of the direction of the curve (the guide path) (r') at the closest point to the centroid of the module and the vector (v) of the unit (p).
d is the smallest distance between the centroid (C) of a unit and the curve (p); v is the vector of the unit; r' [p] is the direction of the guide path in point p; u and b are parameters described below. The parameter u is a weight ranging from 0 to 1 and moves the influence from the normalized dot product of the direction of the curve and the vector of the unit to the distance between the centroid of a unit and the curve. Since the objective function depends both on distance and angle which cannot be normalized, the parameter b adjusts the ratio between them. The values of parameters u and b were optimized so the number of units to follow a given path was minimal (Figure 7 ). The four possible configurations for the "next" unit. The top row: isometric views, the bottom row: top views.
The algorithm operates on paths and list of sub-paths and consists of the following steps: 1) All the segments of the truss containing two junction points are constructed (Figure 8.1 ).
2) The junction units are completed by attaching the "mirrored" units ( Figure  8 .2).
3) These units become starting points for two half-runs of the remaining two paths. (Figure 8.2 ). Figure 7 : u = 0.5, b = 100; the balance between maintaining a small distance to the guide path and following its curvature. The number of units to follow the given path is 33 (minimum). The list of units: 3D computer model of the completed truss network for given terminals and obstacles (the supports are not shown).
The splines of the guide paths are three dimensional and the nodes in the centre were elevated to simulate an overpass. The main runs of the completed truss network are shown in Figure 9 .
The supporting structure
Besides the global stability, which is a separate problem, the structure is rigid due to the rigidity of the modules. Nevertheless, due to the finite strength of real materials, it is necessary to introduce a support system which is constructed from spatially rigid units of uniform length members (regular tetrahedra). Usually in order to avoid buckling, the supporting structure is constructed so that the load is carried in the shortest way to the foundation. The proposed geometry of the supporting system based on tetrahedron may seem less intuitive, but with the use of a single unit, it allows the build of supporting elements in any direction (within certain accuracy) and even permits "going around" obstacles. Although, this is not a biomimetic project since it does not mimic any biological forms or mechanisms, the resemblance to natural processes is worth mentioning. Like many naturally occurring structures, the same element (agent or unit in this case) is simple and at the same time universal enough to be used in a variety of ways [10] .
The construction of the supporting structure is based on the algorithm for the single path segments of the truss. All except the first two elements of the support are made of regular tetrahedra with the length a as shown in Figure 9 . First, at the selected truss unit a (non-regular) tetrahedron is constructed with the three points of the truss unit as the base. Newly added elements have always length a. In general the third tetrahedron is already a regular one and so are all the following ones. Alike the main truss, it is constructed along a given guide path. The algorithm has analog parameters u and b and chooses one of three possible orientations of the next tetrahedron. The selection of the points for the support is based on the following rules:
1) The maximum strain: The maximum span (number of unsupported modules) is limited to a given value (Figure 11 .1).
2) Structural stability: the supports to be placed maximizing the balance of the truss (Figure 11 .2).
3) Maximum eccentricity is limited to a given value (Figure 11.3 ).
An example of a complete truss network with supports in an urban environment is shown in Figure 12 . 
Conclusions
1) An example of constructing a truss network with truss-Z system for pedestrian traffic at given conditions has been demonstrated.
2) The system can be locally modified (without influencing the remainder of the structure) and adapted to changing conditions, for example by redirecting or increasing the capacity of the pedestrian traffic according to the time of the day [11] .
3) Development of a joint system for on-site assembly is under consideration.
4) Although optimization methods were implemented in the algorithm shown above (MST, discrete optimization), the obtained solution is not globally optimal (for example minimizing the number of modules used). Application of heuristic method, a self-adaptive ant colony optimization (ACO) is under consideration.
